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ABSTRACT

A simplified mathematical model, based on body-fitted coordinates, is formulated to study the
evolution of non-swirling and swirling liquid sheet emanated from an annular nozzle in a quiescent
surrounding medium. The model provides predictions of sheet trajectory, thickness and velocity at various
liquid mass flow rates and liquid-swirler angles. It is found that a non-swirling annular sheet converges
toward its centerline and assumes a bell shape as it moves downstream from the nozzle. The bell radius,
and length are more pronounced at higher liquid mass flow rates. The thickness of the non-swirling annular
sheet increases while its stream-wise velocity decreases with an increase in mass flow rate. The
introduction of swirl results in the formation of a diverging hollow-cone sheet. The hollow-cone divergence
from its centerline is enhanced by an increase in liquid mass flow rate or liquid-swirler angle. The hollow-
cone sheet its radius, curvature and stream-wise velocity increase while its thickness and tangential velocity
decrease as a result of increasing the mass flow rate or liquid-swirler angle. The present results are
compared with previous studies and conclusions are drawn.

INTRODUCTION

Combustion efficiency and stability are predominated by fuel/oxidizer injection and atomization.
Hence, it is imperative to optimize the injector design and combustor aerodynamlcs to achieve rapid and
uniform fuel/oxidizer mixing. The swirl atomizer is particularly suited to high-thrust and high-performance
liquid-propellant rocket engines where intimate mixing of reactants is essential to achieving a uniform
distribution of mixture ratios in the combustion chamber. The distribution of the mixture ratios and mass
fluxes needs to ensure not only maximum performance but also adequate cooling of the hardware. Recent
experimental studies have revealed that apart from enhancing atomization, swirl atomizers promote

combustion stability.

Current designs of swirl atomizers depend on extensive experimentation to arrive at satisfactory
results in terms of combustion efficiency and stability.> Such experiments are expensive and time consuming
given the vast number of parameter variations involved. Current CFD combustion simulation codes rely
heavily on empirical atomization characteristics as initial conditions. Therefore, it is highly desirable to
develop advanced injection and atomization models to be incorporated in combustion simulation codes that
could be used to guide the optimization of injector design.

Man¥ swirl atomizer models™* have been based on Ilnearlzed perturbation analyses of a plane
liquid sheet.>®’ The framework developed b¥ Dombrowski and Johns® constitutes the foundation for the
bulk of these models. Dombrowski and Johns® hypothesized that sheet breakup was due to the growth of
Kelvin-Helmholtz instability waves. The sheet was assumed to disintegrate into ligaments with a diameter
that depended on the wavelength of dominant instability waves. The ligaments broke up into droplets
according to Weber's® analysis of the capillary instability. The breakup of the ligaments determined the
mean drop size of the spray.

The breakup processes of a pre-filmed hollow-cone liquid sheet, such as that produced by air blast
atomization, are similar to those of a plane sheetm as described by Dombrowski and Johns®. However, the
theory presented by Dombrowski and Johns® does not include an account for the evolution of an annular
sheet as it emerges from the nozzle. Dombrowski and Johns® assumed that the sheet thickness is inversely
proportional to distance from the nozzle and were able to determine the proportionality constant, K, for the
fan spray nozzles they used in their experiments. Since K is obtained empirically, it is not known a priori for
a given nozzle and hence would represent an obstacle for a purely predlctlve model of sheet atomization.
Recently, linearized perturbation analyses of non-swnrimg ' and swirling "2 annular cylindrical jets have been
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performed. However, these analyses are focused on predicting the most unstable wave number and
maximum growth rates of the perturbation waves. The annular jet swirl is presumed to be of a free vortex
type which is not realistic. Therefore, relations for determining sheet trajectory or flow parameters such as
sheet thickness or velocity are not available through linearized perturbation studies.

Chuech and co-workers'>"® advanced a mathematical model that used curvilinear body-fitted co-

ordinates to simplify the analysis of the evolution of non-swirling and swirling annular liquid sheets injected
from a nozzle into a quiescent surrounding medium. They reported predictions of the spray angle, sheet
thickness and velocities that were in general agreement with their experimental measurements. Although
their model was published in several articles, accounts of the governing equations for the model were
inconsistent. The details of the numerical technique they employed to solve the governing equations were
not discussed in enough details in any of the numerous publications of the model to allow for independent
verification. Despite that Chuech and co-workers’ model contains a formulation for liquid-surrounding
interfacial friction effects, the results they presented apply only to a sheet issued in a void, a fact that was
not mentioned in their publications but has become evident through the course of the present work.

The purpose of the present work is to present a clear and accurate model to predict the spray
characteristics of swirling and non-swirling annular sheets. These characteristics include, spray angle,
radius, sheet thickness and velocity. The model presented constitutes a corrected version of that reported by
Chuech and co-workers and comprises details of the solution technique to permit others to reproduce it
without difficulty or guess work on their part. Since the particulars of the numerical solution method used by
Chuech and co-workers'>"® were never reported, it wouldn't be possible to know if they were similar to the
ones introduced here. The resulls presented in the present work differ from those of Chuech and co-
workers'>'® in that the influence of surrounding medium is accounted for through the liquid-gas interfacial
friction forces. Similar to Chuech and co-workers, non-swirling annular sheets are also included in the
present study because of their important applications in spray atomization and to allow for the extraction of
the effects of swirl on atomization by comparing and contrasting the behavior of non-swiriing and swirling
annular sheets. The work presented here should provide a basis for a comprehensive spray model to be
implemented in CFD codes to simulate combustion performance. Currently such CFD codes neglect the
presence of the hollow cone sheet and assume instantaneous atomization at the nozzle exit. However, it is
well known" that CFD predictions are very sensitive to the assumed atomization characteristics.

MODEL FORMULATION

A curvilinear coordinate system E-C-rj, as shown in Fig. 1, is utilized as a non-inertial reference
frame to analyze the liquid flow in a swirling axisymmetric hollow-cone sheet issued from a nozzle at an
initial velocity ug and angle 8g in a quiescent surrounding gas. The co-ordinates E, ¢, n are perpendicular to
each other and coincide with the liquid streamwise, tangential, and normal to the streamline directions,
respectively. The choice of a curvilinear coordinate system that conforms to the sheet boundaries simplifies
the mathematical analysis because the normal velocity component vanishes. The liquid flow is assumed to
be Newtonian, incompressible and inviscid. Since in practical spray applications, the sheet thickness is
usually much smaller than the cone radius, variations of velocity and pressure across the film thickness may
be neglected. Mathematically, the govemning equations describing conservation of mass and momentum per
unit volume at steady state may be expressed as:
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Figure 1. Schematic diagram of an annular liquid sheet.

Where r stands for the radial coordinate of the reference frame and 8 is the angle measured between the
median streamline and axial direction z as shown in Fig. 1. Ssnheet refers to the sheet cross sectional area
and & is the local thickness of the annular liquid sheet. pr is liquid fuel pressure, g is gravitational
acceleration, ps is liquid density, s and ws are the velocity components in the stream-wise and tangential
directions, respectively. The first term in each of Egs. (2) and (4) represent directional components of inertia
forces in the stream-wise and tangential directions. The second term in each of Egs. (2) and (4) and the first
term in Eq. (3) denote directional components of centrifugal forces. The second term in Eq. 4 relates to
Coriolis force. The terms pr g cos8 and pr g sind in Egs. (2) and (3) designate directional components of
gravity force. The terms S, and S, in Egs. (2), (3) account for the viscous forces in the stream- wise and
tangential directions, respectively.

The pressure gradient in the normal direction n can be approximated by its integrated form as a
function of the gas pressure difference across the liquid gas interface and surface tension forces;
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where Apy¢ is the pressure differences across the liquid cross section of thickness § in the normal direction,
Apg is the surrounding gas pressure difference across the sheet thickness, and o is liquid surface tension.



Following Chuech and co-workers'> "¢ the viscous forces in the stream-wise and tangential momentum
equations are accounted for through the interfacial friction forces acting on the inner and outer liquid-gas
interfaces. Therefore, the viscous forces may be written, respectively, in terms of Rizk and Lefebvre’'s ™ gas-
liquid interfacial friction factors representation as:
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Where pg is gas density, Re is Reynolds number, o "I‘ | .
- I ' I . Do is the initial diameter of the median streamline at of the liquid annular

sheet at the nozzle exit, u; and wy are the respective stream-wise and tangential gas velocities, and yq is
dynamic viscosity of the surrounding gas. The terms between the square brackets in Egs. (16) and (17)
designate Rizk and Lefebvre’s'® interfacial friction factors.

As mentioned earlier, although Chuech and co-workers'>"® developed a similar mathematical
model to the one presented above, their model's goveming momentum equations were reported in a
conflicting manner in their published work.1>® Therefore, the present model's equations represent a
corrected and clear version of Chuech and co-workers model. The use of primitive variables in the present
formulation is intended to add to the clarity of the model’s equations.

Despite of the fact that Chuech and co-workers'>1® presented their hollow-cone spray model in
numerous publications, details of the numerical solution method they used were grossly omitted. The
obscurity of Chuech and co-workers'>*® solution technique renders any attempt to reconstruct their model
open to speculation. The present'work attempts to fill this gap by providing an informative but concise details
of a numerical approach to obtain solutions for the model formulation presented.

Due to the simplifying assumptions and use of conforming curvilinear coordinates in the present
model, all the dependent variables have gradient only in the stream-wise direction, €. Therefore, the
governing equations given by Eqgs. (1), (2), (3), (4) subject to Egs. (5), (6), (7) may be simplified to a system
of nonlinear first-order ordinary differential equations in the form
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Since the system of equations (8), (9), (10), (11) subject to equations (6) and (7) include four
equations and five unknowns, r, 8, 8, u, wr an additional equation is needed to make the system
determinate. Such an equation may be derived from geometrical considerations of the median streamline as
shown in Fig. 1.
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A set of five boundary conditions are needed to bring closure to the model. Since the hollow-cone
liquid flow is bounded at nozzle orifice, the boundary conditions to be coupled with the system of ordinary
differential equations may be stated as

(13)
(14)
(15)

(16)
(7)

Where R and 6o refer to the initial radius and angle of the median streamline at nozzle exit,

respectively, 8o is the initial thickness of the hollow-cone liquid sheet at nozzle exit, ¢ is the liquid fuel
mass flow rate, a is the fuel-port angle or fuel-swirler angle, and un, wp are the respective initial velocity
components of the hollow-cone liquid sheet fiow at nozzie exit in stream-wise and tangentiai direciions.

To enable tracking of sheet trajectory, its axial coordinate z is evaluated in reference with Fig. 1as

— (18)

subject to the boundary condition,
(19)

The system of nonlinear first-order ordinary differential equations given by (8), (9), (10), (11), (12),
and (18) subject to the boundary conditions expressed as (13), (14), (15), (16), (17), and (19) is solved using
a fifth order Runge-Kutta Verner method to yield solutions forr, 8, z, 8, ur, ws.

In the present model, since the surrounding gas is assumed to be quiescent, quantities
representing gas velocity, ug and wg, vanish from Egs. (6) and (7). It is also assumed that the outer and inner
gas pressures are equal so that, Apg = 0. Note that results for a non-swirling annular sheet may be obtained
when the liquid swirl velocity, wy, is set to Zero.

RESULTS AND DISCUSSION

1. NON-SWIRLING SHEET

Since a non-swirling hollow-cone sheet has its own practical applications in air assist and air-blast
atomization'', we begin by studying this case by setting the swirl velocity, w;, to zero, which eliminates the
effects of both the centrifugal and Coriolis forces from the present model. This study also allows for gaining
insight into the differences in the development of non-swirling and swirling annular sheet and isolating
effects t‘xat are solely due to swirl. Te facilitate comparisen with Baird and Davidson'® and Chuech and co-
workers'>" results, the same nozzle geometry and flow conditions are used in the present investigation.
Therefore, the injected sheet liquid is assumed to be water and the surrounding gas is atmospheric air. The
initial mean sheet diameter Dy = 2R, at nozzle orifice is 12.41mm and the initial water sheet thickness, d, is
0.29 mm. The water sheet is assumed to be injected vertically downward so that initial sheet angle, 8o, is 0°.
The liquid flow rates considered are 13.09, 19.13, 25.50, and 31.88 g/s. The initial sheet velocity in the
stream-wise direction, ugp, is calculated from the mass flow rates using Eq. (16 ).



Predictions of dimensionless radius and angle of a non-swirling annular sheet with the axial
distance from the nozzle are presented in Figs. 2 and 3. At a constant liquid fiow rate, both the sheet radius
and angle always decrease as the sheet moves away from the nozzle. Since the sheet angles are always
negative, the absolute values of the angle are actually in the downstream direction. As a resuit, the annular
sheet gradually contracts toward its centerline. The contraction of the sheet is due to surface tension forces.
As the flow rate is increases, both sheet radius and angle are amplified due to greater inertia forces that
counteract the contracting action of surface tension forces.
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Figure 2. Axial variation of dimensionless radius for a non-swirling liquid sheet.
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Figure 3. Axial variation of angle for a non-swirling liquid sheet.

In Fig. 4, the predicted variations of dimensionless sheet thickness, 8/8¢, are plotted as functions of
dimensionless axial distance. Figure 4 indicates that, at a given flow rate, the sheet thickness increases in
the downstream direction. The sheet thickening is enhanced at higher liquid flow rates. The increase in
sheet thickness in the axial direction is due to the contraction of the annular sheet as observed in Figs. 2



and 3. The abservations in Figs. 2, 3 and 4 are in general agreement with those of Baird and Davidson'® and
Chuech and co-workers.'

The results in Fig. 5 reveal that the dimensionless sheet stream-wise velocity exhibits a complex
behavior. At smalil liquid flow rates, the stream-wise velocity first increases nearby the nozzle orifice and
then decreases further downstream. However, at higher flow rate, the stream-wise velocity experiences a
monotonic reduction in the axial direction. The behavior of stream-wise velocity may be explained in light of
mass conservation. At small flow rates, the initial rate of reduction in sheet radius is greater than thickness
enlargement and therefore the velocity must increase to conserve mass. At larger distances from the nozzle,
the rate of increase in sheet thickness picks up and exceeds that of radius reduction dictating a decrease in
velocity for mass to be conserved. At higher flow rates, the decrease in sheet radius always outweighs the
increase in its thickness causing the stream-wise velocity to be continuously reduced downstream. Figure 5
also shows that the dimensionless velocity decreases with an increase in mass flow rate. However, it should
be noted that the velocity is made dimensionless by dividing by its initial value, up, which increases with
mass flow rate as calculated from Egs. (16) and (17) and listed in Fig. 5. Therefore, the magnitude of the
dimensional velocity actually increases with mass flow rate as expected.
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Figure 4. Axial variation of dimensionless thickness for a non-swirling liquid sheet.
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Chuech and co-workers’ predictions indicated a monotonic increase in stream-wise velocities with
axial distance at all flow rates investigated. The discrepancy between the present results and Chuech and
co-workers’ is believed to be due the neglect of interfacial friction effects in their computations, as ailuded to
earlier. Note that interfacial friction has a decelerating influence on the liquid sheet that increases with mass
flow rate. The gravitational forces have the opposite role of accelerating the flow. Therefore, at a low mass
flow rate, the interfacial friction is small and gravity dominates inducing a net acceleration. The opposite is
true at higher mass flow rates.

Predicted cross sectional profiles of the liquid sheet at four different flow rates are shown in Fig. 6.
The color codes on the annular sheet cross-sections represent variations of sheet velocities in the stream-
wise E-direction. Upon emerging from the annular nozzle orifice the predicted cross-sectional streamlines of
the water sheet continuously converge toward the centerline resulting in the formation of a bell-shaped
annular sheet that ultimately collapses into a round jet. The bell shape variations in Fig. 6 indicate that as
the liquid flow rate is increased, the convergence rate of the liquid sheets decrease producing a more
elongated bell with larger radius but smaller curvature. This is due to the greater inertia forces created at an
increased mass flow rate which act to reduce contraction effects of surface tension forces. The results in
Fig. 6 indicate that the stream-wise sheet velocities downstream are always less than their initial values at
the nozzle orifice.

Figure 6. Influence of mass flow rate f on the features of a non-swirling liquid sheet.




2. SWIRLING SHEET

in this section, the swirl effects are included and hence the centrifugal and Coriolis forces are
accounted for. The flow conditions are taken to be similar to those used by Chuech and co-workers'*'® to
permit direct reference to their results. Therefore, the annular sheet diameter at the nozzle orifice is Do =
6.63 mm. The initial sheet thickness is taken to be, 8o = 0.1524 mm, which is equivalent to 1/4 of the pre-
filmer width and is considered to be invariable with other flow conditions. To study the effect of liquid-port
angle, or liquid-swirler angle,a, on the results, this angle is varied in the calculations between 0° and 60°.

The liquid mass flow rates, ¢ under consideration are 17.76, 40.82, and 79.13 g/s. The liquid fuel
properties include density, pr = 765 kglm3 dynamic viscosity, p = 9.2x10 kg/m.s, and surface tension, o =
0. 025 N/m. The surrounding gas is assumed to be air at atmospheric conditions with density of pg = 1.22
kg/m and dynamic viscosity of ug = 17.9x1 0° kg/m.s.

The effects of liquid-swirler angle on the shape of the swirling liquid sheet are first examined.
Figures 7 and 8 portray variations of sheet radius and angle at a constant liquid mass flow rate of ¢ =
17.76 g/s and initial sheet angle of 8o = 0°, for liquid-swirler angles of a = 0°, 5°, 10°, 20°, 30°, 45°, and 60°.
It is seen in Figs. 7 and 8 that, except at a = 0°, both the radius and angle of the sheet are increased with
the liquid-swirler angle. While the sheet radius exhibits a monotonic increase in the axial direction, the angle
experiences an initial increase followed by a gradual decrease with the axial distance from the nozzle. The
case when a = 0° corresponds to non-swirling sheet where the sheet converges towards its centerline and
its radius decreases while the absolute values of the negative sheet angle increase with axial distance, as
has been discussed earlier in relation with Figs. 2 and 3. Therefore, the annular sheet is transformed from a
converging bell to a diverging hollow-cone as a resuit of introducing swirl in the liquid. Swirling the liquid
gives rise to centrifugal and Coriolis forces which act against the contracting effects of surface tension forces
causing the sheet to move outward in the radial direction. It is evident from Figs. 7 and 8 that the present
model is capable of smoothly predicting the transmon from a bell-shaped non-swirling sheet to a swirling
hollow-cone sheet in agreement with previous studies.”
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Figure 7. Axial variation of radius with liquid-swirler angle for a swirling sheet.

Figure 9 displays the dimensionless sheet thickness variation versus dimensionless axial distance
from the nozzle exit for the same parameters considered in Figs. 7 and 8. It is noted that except for a non-
swirling sheet of a = 0°, the sheet thickness continuously decrease as a consequence of the increase in
sheet radius to satisfy mass conservation. Since the sheet radius decreases at a liquid-swirer angte in the
absence of swirl, its thickness increases as indicated earlier with regards to Fig. 4. Chuech and co-




workers'*® didn't investigae the dependence of liquid-swirler angle on a swirling hollow-cone sheet
thickness. :
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Figure 8. Axial variation of angle with liquid-swirler angle for a swirling sheet.
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Figure 9. Axial variation of thickness with iliquid-swirler angie for a swirling sheet.

Figures 10 and 11 portray the variations of the dimensionless stream-wise and swir (tangential)
velocity components against the dimensionless axial distance at the same flow conditions of Figs. 7, 8 and
9. At small liquid-swirler angles close to 0°, the stream-wise velocity continuously decreases with distance in
the axial direction. At larger liquid-swirler angles, there is an initial increase in the stream-wise velocity
proceeded by a gradual decrease. The initial increase in the stream-wise velocity at small liquid-swirler
angles correspond to the sharp decrease in the sheet thickness observed in Fig. 9. Therefore, it is
concluded that the behavior of the stream-wise velocity is consistent with mass conservation. As seen




earlier in Fig. 8, the sheet angle also possesses the same type of behavior as the stream-wise velocity. It is
envisaged that this behavior is due to the steeper increase in sheet radius as it moves far from the nozzie
which causes the decelerating effects of interfacial friction and surface tension forces to overpower the
accelerating actions of the centrifugal and gravitational forces producing reduction in sheet curvature and
stream-wise velocity. Recall that the stream-wise velocity of a non-swirling sheet also exhibited a simiar
behavior in connection with the mass flow rate as delineated in Fig. 5. The dimensionless tangential velocity
aiways decreases with the axial distance from the nozzle as the liquid-swirler angle is increased. Note that
at a = 0 the swirl velocity wr vanishes. 1t is important to keep in mind that the dimensionless swirl velocity is
normalized by its initial value at the nozzle exit which increases as fan (a) for a constant mass flow rate as
given by Eqgs. (16) and (17). This means that the magnitudes of the dimensional swirl velocities are smaller
than they appear in Fig. 11 for a < 45° and larger for a = 45°. Knowledge of stream-wise and tangential
velocities at the locations of liquid sheet rupture is needed to resolve the resultant ligament and drop
trajectories as well as drop formation rate. Chuech and co-workers'> ' didn't present results for the
influence of liquid-swirler angle on stream-wise and tangential velocities of a hollow-cone sheet.
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Figure 10. Axial variation of stream-wise velocity for a swirling liquid sheet.
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To investigate the influence of mass flow rate on the swirling hollow-cone sheet characteristic, the
variations of the sheet angle with axial distance from the nozzle at liquid mass flow rates of 17.76, 40.82,
and 79.13 g/s and an initial sheet injection angle 6 = 0° for a liquid-swirler angle of a = 30° are depicted in
Fig. 12. The sheet angle increases with the mass flow rate due to higher inertia and centrifugal forces that
overcome the opposing effects of liquid contraction by surface tension and deceleration due to interfacial
friction. Initially, as the sheet emerges from the nozzle its angle rises sharply over a short axial distance
then remains aimost constant further downsiream. However, it is noted that at the lowest mass fiow rate the
sheet tends to curve toward the centerline since the inertia and centrifugal forces become weaker than
surface tension and gravitational forces. Predictions of sheet angles are of fundamental significance in spray
applications since the maximum sheet angles determine the spray angle and consequently the orientation of
the drops formed by sheet atomization.
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Figure 12. Axial variation of angle with mass flow rate for a swirling liquid sheet.

The variations of the dimensionless sheet thickness with dimensionless axial distance are

displayed in Fig. 13 for the same flow conditions considered in Fig. 12. It is observed that the sheet
becomes thinner in the axial direction due to the expected expansion of its surface area by the action of
centrifugal forces as will be elucidated later. The thinning of the sheet is slightly enhanced as the liquid mass
flow rate is increased. Recall that the non-swirling sheet thickness increased dramaticaily with the axial
distance and mass flow rate as viewed in Fig. 4. It is well known that the film thickness along the sheet
trajectory is detrimental to the drop sizes that are produced by sheet disintegration. Therefore, it may be
concluded based on the present work that using a higher fuel mass flow rate and fuel-swirler angle would
produce smaller drops, a trait that is highly desirable in fuel atomization applications.
Chuech and co-workers'® presented their results in terms of fuel pressure drop but didn't provide the
nozzle discharge coefficient to allow for determining the corresponding mass flow rate. Also, their
computations neglected the interfacial friction effects given by Egs. (6) and (7) and hence are only
applicable to an annular liquid sheet in a vacuum surrounding. This situation renders a quantitative
comparison with Chuech and co-workers rather difficult. However, the general trends of the present results
for mass flow rate variations are similar to Chuech and co-workers’ results for fuel pressure drop variations.

Figure 14 portrays cross-sectional profiles of a swirling hollow-cone sheet at four liquid mass flow rates,
13.09, 19.13, 25.5, and 31.88 g/s. It is evident that including the swirl effect causes the liquid sheet to be
transformed from an annular bell-shape to a hollow-cone configuration. Increasing the mass flow rate
enhances the sheet’s “opening-up” in the axial direction as a result of increased sheet radius and angle. The
color codes across the sheet thickness delineate the change of stream-wise velocity. The sheet slows down
as it moves away from the nozzle due to the increase in its radius. The magnitude of the stream-wise
velocity is larger at higher liquid flow rates. As can be see from Fig. 14, the sheet stream-wise velocity only
varies slightly with mass flow rate. Although not reported here for brevity, the sheet tangential velocity was




also found to possess little dependence on mass flow rate. These observations are similar to Chuech and
co-workers’.
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Figure 13. Axial variation of thickness with mass flow rate for a swirling sheet.

SUMMARY AND CONCLUSIONS

A mathematical mode! that utilizes body-fitted curvilinear coordinates to simplify the analyses of
non-swirling and swirling liquid sheets issued from an annular nozzle in a quiescent surrounding medium
has been formulated and presented in a clear and organized manner. An adequate description of the
numerical approach used to solve the system of nonlinear first-order differential equations involved is
provided for effortless adoption of the mode! by interested researchers. Solutions of the model's governing
equations yield sheet trajectory, angle, thickness and velocity at different flow parameters for both the non-
swirling and swirling cases.

The results indicate that when no swirl is present in the liquid, a bell-shaped annular sheet is
formed. Bell elongation and curvature increase with liquid mass flow rate due to the higher inertia forces
which pre-dominate the contracting effects of surface tension. As the bell-shaped annular sheet converges
to its centerline, the sheet radius decreases and its thickness increases in the downstream direction as a
direct consequence of mass conservation. At high flow rates, the stream-wise velocity decreases
monotonically in the axial direction while it shows an initial increase followed by a decrease at lower flow
rates. A full round jet is ultimately formed when the bell coalesces at the centerline.

For a swirling liquid sheet, the centrifugal cause the sheet to diverge in the axial direction assuming
a hollow-cone configuration. The sheet radius increases and its thickness decreases in the axial direction
when the liquid-swirler angle or mass flow rate is increased due to the dominance of inertial and centrifugal
forces over capillary and interfacial friction forces. Both the sheet angle and stream-wise velocity experience
an initial increase followed by a decrease in the axial direction at larger liquid-swirler angle or mass flow
rates. The swirl velocity is decreased in the axial direction as the liquid-swirler angle is increased.




Figure 14. Influence of mass flow rate on the features of a swirling liquid sheet.

FUTURE WORK

Validation of the model predictions against experimental data and empirical correlations are
planned. The present model may be incorporated in computational codes used to simulate injection
performance of swirl atomizers. The model is capable of predicting the characteristics of the sheet produced
from the atomizer such as its trajectory, thickness and velocity. These parameters are prerequisites for a
realistic account of spray behavior in combustion simulations. The model may be supplemented with a sheet
breakup module to effect predictions of atomization characteristics such as breakug length and thickness as
well as drop size, velocity and orientation. Recently, sheet breakup models®"?* that are based on the
nonlinear evolution of Kelvin-Helmholtz instability waves have been developed and proved to be more
practical than linearized breakup models. However, these nonlinear breakup models are successful only if
accurate predictions of the sheet initial fiow parameters are provided. These parameters are highly
dependent on nozzle geometry and internal flow conditions which may be investigated using ad hoc and
commercial CFD codes.®*%
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